Gallium oxide (Ga 2 O 3 ) is an emerging wide bandgap semiconductor with potential applications in power electronics and high power optical systems where gallium nitride and silicon carbide have already demonstrated unique advantages compared to gallium arsenide and silicon-based devices. Establishing the stability and breakdown conditions of these next-generation materials is critical to assessing their potential performance in devices subjected to large electric fields. Here, using systematic laser damage performance tests, we establish that β-Ga 2 O 3 has the highest lifetime optical damage performance of any conductive material measured to date, above 10 J/cm 2 (1.4 GW/cm 2 ). This has direct implications for its use as an active component in high power laser systems and may give insight into its utility for high-power switching applications. Both heteroepitaxial and bulk β-Ga 2 O 3 samples were benchmarked against a heteroepitaxial gallium nitride sample, revealing an order of magnitude higher optical lifetime damage threshold for β-Ga 2 O 3 . Photoluminescence and Raman spectroscopy results suggest that the exceptional damage performance of β-Ga 2 O 3 is due to lower absorptive defect concentrations and reduced epitaxial stress. © 2018 Author(s).
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https://doi.org/10.1063/1.5021603 Gallium oxide (Ga 2 O 3 ) has recently gained attention for high-power switching applications due to its high Baliga figure of merit 1 and the ability to grow large-area single crystals from the melt. Its outstanding material properties can in principle enable power devices with higher operating voltages and efficiencies compared to competing materials. 2 In this study, we systematically consider the use of β-Ga 2 O 3 for high power optoelectronic applications by using short, high-energy laser pulses to assess the material's lifetime damage performance at GW/cm 2 intensities, representative of fluences in high energy laser systems. [3] [4] [5] Samples were illuminated with sub-bandgap energy (1.16 eV, 1064 nm) using a near infrared (NIR) laser with a 7 ns pulse length and 10 Hz repetition rate. Using exposures from a rep-rated pulsed laser 6,7 is a practical means to assess the peak and average power lifetime damage threshold of β-Ga 2 O 3 without the use of a device test setup to emulate repetitive field-switching conditions. Furthermore, the direct relationship between damage from the electric field of a laser beam and DC breakdown in wide bandgap materials [8] [9] [10] [11] suggests the possibility of using optical probing, as described here, to assess the relative lifetime performance of wide bandgap semiconductors used in power electronics (i.e., using light energy below the bandgap energy of the material). Such AC electric fields at optical frequencies generated during pulse exposures can exceed the critical breakdown field, especially when defect states act as shallow donors to seed electrons for avalanche ionization and catastrophic absorption, or the laser exposures can even induce damage at lower electric fields by free electron absorption and thermal degradation. Likewise, DC breakdown can occur when fields exceed the intrinsic breakdown field of a material, determined at least in part by its bandgap, or at lower fields when defects reduce the breakdown voltage and lifetime performance. 12 In general, for laser exposures larger than 10 ps, heat diffusion and defect absorption play a dominant role in determining the damage threshold, 13 while ultrashort pulses less than 10 ps can be used to probe intrinsic damage processes. 14, 15 The optical strength and the extent of light energy coupling of an n-doped β-Ga 2 O 3 film were thus assessed and benchmarked with that of a comparable n-doped gallium nitride (GaN) sample. Both films were grown heteroepitaxially on sapphire by chemical vapor deposition (CVD). 16, 17 The single crystal, bulk lifetime damage performance of n-doped β-Ga 2 O 3 was also determined using a substrate grown by the floating zone (FZ) melt growth technique. 18 Despite its comparatively lower thermal conductivity, β-Ga 2 O 3 can be grown directly on sapphire without the use of a buffer layer due to better lattice matching compared to GaN. 17 Unlike bulk GaN and SiC, β-Ga 2 O 3 can be grown from the melt without the use of supercritical pressures, 2 thereby lowering the cost of synthesis and avoiding the formation of extended defects such as dislocations and micropipes which are commonly found in GaN and SiC heteroepitaxial structures. 19, 20 The ability to grow bulk β-Ga 2 O 3 crystals also facilitates scale-up for large area semiconductor manufacturing and presents opportunities for making vertically integrated devices. Therefore, given its thermal stability (up to ∼1400 • C), wide bandgap (E g = 4.85 eV), and lower dislocation density of 10 3 -10 4 cm 2 , 2 we expect β-Ga 2 O 3 to be an ideal system for optically robust transparent electrodes in the UV-NIR range and for photonic, plasmonic, or optical coatings in the mid to far infrared range. 21, 22 The results presented here on the laser damage performance of β-Ga 2 O 3 are the first of their kind and should be helpful in guiding the development of wide bandgap semiconductor materials for high power optoelectronic applications where optical absorption, electrical conductivity, and photo-electric properties are key design parameters.
Lifetime laser damage measurements were carried out on a conductive, Sn-doped, single crystal β-Ga 2 O 3 substrate, [23] [24] [25] a Si-doped β-Ga 2 O 3 film grown on c-plane sapphire, 16, 17 and a Si-doped GaN film grown on c-plane sapphire using a 20 nm, low temperature GaN seed layer (Kyma Tech.). 26 The same growth orientation of the β-Ga 2 O 3 bulk and film samples was [201] , and the orientation of the GaN sample was [001]. The lifetime damage threshold energy (energy at which damage is initiated) was determined using a fixed number of repeated pulse exposures as the damage threshold can depend on the number of exposures due to fatigue or incubation phenomena. 27, 28 For semiconductor materials, threshold values tend to saturate to a minimum after ∼100 pulses. 6 Therefore, laser damage tests were carried out with up to 1000 pulses. Damage was determined using optical microscopy. Due to the limited surface area of the samples and time-consuming nature of lifetime measurements at a repetition rate of 10 Hz, the results presented are limited to small beam tests (90 µm 1/e 2 diameter × 10 spots). These tests probe damage initiated within areas of high defect densities; isolated, sparse defects are not sampled. However, since the same beam size was used for all samples, results can be compared directly. More details of the laser damage system and procedures used can be found in a previous report. 28 The measured properties of the tested materials and the laser parameters used in this study are summarized in Table I. Representative damage morphologies are shown in Fig. 1 for the Sn-doped bulk β-Ga 2 O 3 sample [ Fig. 1(a) ], β-Ga 2 O 3 film [ Fig. 1(b) ], and GaN film [ Fig. 1(c) ], revealing commonly observed ablation and eruption pits. 7 Single-pulse irradiation (N = 1) of the β-Ga 2 O 3 bulk at 59 J/cm 2 produced a round, bulk ablation site with a depth of ∼100 nm as shown in Fig. 1(a) . A round ablation site morphology was maintained after exposing the bulk β-Ga 2 O 3 sample to 100 pulses (N = 100) with fluences of 19.5 J/cm 2 (well above the damage threshold), while the damage depth was roughly 5.7 µm. This result suggests damage initiated at the surface and propagated downward into the bulk. In contrast, single pulse irradiation of the β-Ga 2 O 3 film at 19.3 J/cm 2 (also well above its damage threshold) tended to produce irregular damage morphologies as shown in Fig. 1(b) . This differs from hexagonally shaped pits typically seen in ablated GaN films [ Fig. 1(c) ]. These differences in damage morphologies are related to differences in crystallography and the presence of well-defined cleavage planes for GaN. 7 APL Mater. 6, 036105 (2018) 1/e 2 diameter of 90 µm was used to apply a number, N, of repeated pulsed irradiations at normal incidence. The bulk β-Ga The damage area in the β-Ga 2 O 3 film increased with repeated exposures for all samples tested. As shown in the in situ video S1 of the supplementary material, damage associated with plasma emissions appeared to initiate below the β-Ga 2 O 3 film surface which was followed by an abrupt eruption of material and plasma illumination from the damage site. This observation suggests, as was the case of GaN on sapphire, 7 that absorption and damage initiates at the interface between the β-Ga 2 O 3 film and sapphire substrate. For the GaN film shown in Fig. 1(c) , eruptions and pit formation were observed in discrete locations related to local defect-driven absorption processes as reported previously. 6, 7 In order to systemically determine laser damage thresholds with repeated exposures, we conducted multi-pulse laser damage tests over a range of fluences (F = 1-100 J/cm 2 corresponding to intensities of 0.1-14.3 GW/cm 2 ) and pulse numbers (N = 1, 10, 100, and 1000). Results from damage probability tests for N = 1, 10, 100, and 1000 pulses are summarized in the damage threshold fluence curves in Fig. 2 a given number of pulse exposures, N. 27 The stochastic nature of laser damage for the materials tested here was accounted for by using probability damage test curves [see examples in Fig. 2(a) for N = 100]; the damage sites appeared to be randomly distributed, likely due to NIR absorption near defects or clusters of defects formed during growth. 6 The role of free electrons in absorption in the doped materials considered here is expected to be minimal because carrier densities were on the order of 10 18 cm 3 . 7 In semiconductor films with much larger carrier densities (>10 19 cm 3 ), 7, 29 free carriers are the dominant source of absorption and damage becomes far more deterministic.
Each datum in the probability curves was obtained by dividing the total number of sites that appeared to damage at the specified fluence by the total number of sites tested (e.g., if 2 sites out of 10 are damaged, the probability was recorded as 20%). For single pulse exposures (N = 1), no damage was observed up to threshold (or damage onset) values of 54.0 J/cm 2 , 14.3 J/cm 2 , and 3.2 J/cm 2 for the β-Ga 2 O 3 bulk sample, β-Ga 2 O 3 film, and GaN film, respectively. However, for repeated exposures (N > 1), the threshold occurred at lower fluences compared to the single pulse thresholds, F th (N = 1), consistent with the increase in damage probability with increasing pulse number. The lifetime damage thresholds for N = 1000 occurred at fluences of 15 J/cm 2 , 10 J/cm 2 , and 1.5 J/cm 2 for the β-Ga 2 O 3 bulk sample, the β-Ga 2 O 3 film, and the GaN film, respectively. A summary of the damage threshold results for N = 1, 10, 100, and 1000 is shown in Table I . As expected, the damage thresholds stabilize as the number of pulse exposures increases, where the ratio F th (N = 1)/F th (N = 1000) remains constant when N > ∼100 down to between 30% and 70% of the F th (N = 1) value for all samples tested. The single pulse laser damage threshold of the bulk β-Ga 2 O 3 sample was extremely high, roughly an order of magnitude higher than the other samples, and near the intrinsic damage threshold of high purity, occlusion free silica used in high power optics. 29 However, the lifetime threshold (N = 1000) of the bulk β-Ga 2 O 3 sample was close, albeit slightly higher, to that of the β-Ga 2 O 3 film indicating that optically induced "fatigue" mechanisms responsible for lowering the damage threshold are the same for both heteroepitaxial films and bulk materials. In comparison with the lifetime performance of the MOCVD GaN, the LPCVD β-Ga 2 O 3 materials are proved to be much more robust by a factor of ∼10×. The β-Ga 2 O 3 film considered here was also significantly more robust than high quality GaN produced by hydride vapor phase epitaxy (HVPE) (∼2×) reported previously. 6 Furthermore, the measured lifetime damage performances of both bulk and heteroepitaxial β-Ga 2 O 3 are the highest demonstrated for any wide bandgap transparent conductive material, making β-Ga 2 O 3 an ideal choice as a conductive material in optical systems when high power performance is critical.
We explored possible reasons for the superior lifetime damage performance of β-Ga 2 O 3 by comparing the Raman spectrum and photoluminescence (PL) of the pristine, as-received samples. Raman spectra provide information about residual stresses due to the growth process, and PL spectra provide a means to qualitatively assess the concentration of optically absorbing defects present in these materials.
Confocal Raman spectroscopy with an excitation wavelength of 532 nm was performed at room temperature to probe all three samples [ Figs. 3(a)-3(c) ]. The Raman active modes detected for β-Ga 2 O 3 include those associated with the liberation and translation of Ga 1 O 4 chains (<250 cm 1 ), the deformation of Ga 1 O 4 and Ga 2 O 6 (300-500 cm 1 ), and the stretching and bending of Ga 1 O 4 (>600 cm 1 ). These modes were detected for both the β-Ga 2 O 3 bulk sample and the β-Ga 2 O 3 film as shown in Figs. 3(a) and 3(b) , respectively. 30, 31 The difference in relative peak intensities between the bulk sample and film may be attributed to the local strain induced by different dopants (Sn for the bulk sample vs Si for the film). 23 The peak centers of these Raman modes were almost identical for the two samples. However, a slight blue-shift (<0.5 cm 1 ) of the peaks was detected for the film relative to the bulk sample, suggesting a slight compressive stress in the film (assuming the bulk sample was stress free). 32, 33 The in-plane mismatch between the oxygen sublattice in (201) β-Ga 2 O 3 and the oxygen sublattice in c-plane sapphire is just 6.6%, half the lattice mismatch of GaN on sapphire (16.1%). 34 Therefore, β-Ga 2 O 3 films are expected to have fewer dislocations resulting from stress relaxation. 35 In contrast, the Raman spectra of the GaN film in Fig. 3(c) have blue-shifted peaks such as E g (575 cm 1 ) and E 1 (748 cm 1 ) modes with respect to the unstrained modes at 567 and 741 cm 1 , respectively. 36 Based on this blue-shift of ∼7.5 cm 1 , the GaN film was estimated to be under a high compressive stress of 2.2 GPa. 3, 37 This stress is due to both thermal expansion and lattice mismatch between the film and substrate. GaN and β-Ga 2 O 3 materials have comparable thermal and mechanical stabilities and should, in principle, be able to tolerate similar levels of laser-induced heating and thermomechanical stress. Consequently, lower film stresses in β-Ga 2 O 3 films grown on sapphire along with lower expected densities of strain related defects could account for the superior damage performance of β-Ga 2 O 3 over GaN.
To probe the presence of potentially laser light absorbing defects, room temperature PL spectra were measured using a 280 nm (4.42 eV) excitation source (Fig. 4) . Ultraviolet emissions around 400 nm were observed from the β-Ga 2 O 3 bulk sample. The corresponding emission energy of 3.1 eV was previously found to be associated with the decay of excitons consisting of conduction band electrons bound to self-trapped holes. 16, 38 The emission was broader, and the peak intensity was 34% greater for the β-Ga 2 O 3 film compared to the bulk β-Ga 2 O 3 sample. This suggests that the film had more sub-bandgap defects as expected from being grown heteroepitaxially on sapphire. The GaN film showed near band edge emission (NBE) with a peak at 360 nm (3.44 eV) and broad FIG. 4 . Room temperature photoluminescence (PL) spectra of pristine, as-received samples of β-Ga 2 O 3 bulk (black), LPCVD β-Ga 2 O 3 film (red), and MOCVD GaN film (blue). All curves of PL intensity are shown on the same semi-log scale. yellow luminescence (YL) near 550 nm (2.25 eV) which was previously associated with C N -O N complexes or substitutional C N . 7, 39, 40 The greater YL relative to the NBE peak also suggests lower crystal quality and the presence of a larger number of optically active defects in GaN compared to β-Ga 2 O 3 . Still, further studies are needed to probe the origins for the exceptional lifetime laser damage performance of β-Ga 2 O 3 (2.1 GW/cm 2 ) and to determine its utility for high performance, high power optoelectronics applications.
Heteroepitaxial and bulk β-Ga 2 O 3 samples were benchmarked against a heteroepitaxial GaN sample revealing an order of magnitude higher optical lifetime damage threshold for β-Ga 2 O 3 . Photoluminescence and Raman spectroscopy suggest that the higher damage performance may be due to lower defect densities in bulk β-Ga 2 O 3 and lower stresses in both bulk and heteroepitaxial β-Ga 2 O 3 . The lifetime laser damage threshold reported here for β-Ga 2 O 3 is the highest of any conductive material to date, above 10 J/cm 2 (1.4 GW/cm 2 ) demonstrating the potential of β-Ga 2 O 3 for future high-power optoelectronics and electronics.
See supplementary material for a real-time video of a laser irradiated 12.5 µm thick β-Ga 2 O 3 film sample on sapphire using an above-damage threshold fluence (14 J/cm 2 , 10 Hz, normal incidence) captured at an angle. Each pulse results in laser light energy absorption and damage-related plasma emissions emanating from below the film surface, followed by an abrupt eruption of material and direct exposure to intense plasma light emissions. This video confirms that laser damage initiates below the surface, likely beginning at the sapphire/β-Ga 2 O 3 interface where lattice mismatch strain dislocations are concentrated.
